Objectives: Guidelines recommend that sepsis be treated with an early resuscitation protocol such as early goal-directed therapy. Our objective was to assess the cost-effectiveness of implementing early goal-directed therapy as a routine protocol.
S epsis remains a common and deadly public health issue in modern medicine. Severe sepsis has been estimated to affect three-fourths of a million patients in the United States each year and carries a mortality rate of approximately 30% (1) . The rate of severe sepsis hospitalizations in the United States has doubled during the last decade (2) . Although much of the care of severe sepsis occurs in the intensive care unit, the majority of hospital cases of sepsis originate in the emergency department (ED) with an average ED length of stay of almost 5 hrs (3).
In 2001, Rivers et al (4) reported a striking improvement in mortality among patients with severe sepsis treated with an early structured resuscitation protocol, termed early goal-directed therapy (EGDT). The aim of EGDT is to achieve the predefined physiological goals through the implementation of various therapeutic interventions in a stepwise manner. In the randomized controlled trial performed by Rivers et al, the EGDT protocol was instituted early in the patient's hospital course, specifically on recognition of sepsis in the ED. The study found that patients who received the protocol had a 16% absolute reduction in inhospital mortality as compared with those patients who received standard care. Since its original publication, several observational studies have supported the use of EGDT in the ED as a method of improving mortality in severe sepsis (5) (6) (7) . Furthermore, the international Surviving Sepsis Campaign guidelines recommend the use of EGDT in the earliest phases of the patient's clinical course (8) .
Unfortunately, the interventions comprising EGDT have documented barriers to adoption, including inadequate staffing and equipment, and lack of education, training, and procedural competency (9, 10) . These barriers may also relate to costs, value, and resource use and thus evaluating these aspects of EGDT is important before widespread implementation. From an intuitive standpoint, offering more aggressive, timeintensive, and resource-intensive care would result in higher costs of delivery. However, given the findings of improvement in outcomes, examining both the costs and health consequences of EGDT (ie, cost-effectiveness) is important and of high priority. Thus, the aim or our study was to assess the cost-effectiveness of implementing EGDT as a routine protocol in the ED care of severe sepsis.
METHODS
Study Design and Setting. We performed an economic analysis using data collected prospectively for two groups of sepsis patients: 1) patients from 1 yr before; and 2) 2 yrs after implementing EGDT as standard of care. The clinical study methods and effectiveness re-sults have been previously published (5, 11) . Patients were enrolled in the ED at Carolinas Medical Center, an urban teaching hospital with Ͼ110,000 ED patient visits per year. This study was approved and informed consent waived by the institutional review board and privacy board of Carolinas Healthcare System.
Selection of Subjects. Eligible subjects were identified by emergency physicians in the ED, and inclusion criteria were identical for both phases: 1) age Ͼ17 yrs; 2) suspected or confirmed infection; 3) two or more systemic inflammatory response syndrome criteria (12) : heart rate Ͼ90 beats/min, respiratory rate Ͼ20 breaths/min, temperature Ͼ38°C or Ͻ36°C, white blood cell count Ͼ12,000 or Ͻ4000 cells/mm 3 or Ͼ10% bands; and 4) systolic blood pressure Ͻ90 mm Hg or mean arterial pressure Ͻ65 mm Hg after a 20-mL/kg isotonic fluid bolus or anticipated need for intensive care unit (ICU) care and a serum lactate concentration Ն4.0 mM. Exclusion criteria were the need for immediate surgery or a contraindication to chest central venous catheterization.
Interventions. The study was comprised of two distinct periods. The before phase encompassed a 13-month period from August 2004 to September 2005. During this time emergency physicians identified candidates with the inclusion and exclusion criteria and provided care at their discretion. In this phase, no formal resuscitation protocol was used. The after phase encompassed 2 yrs from November 2005 to October 2007. During this phase, identification of an ED patient eligible for our EGDT protocol triggered an alphanumeric page to ancillary staff and the protocol quality assurance physician. In all cases, the ED physicians identified the patients and directed the EGDT protocol. At the time of patient transport to an ICU bed, clinical care was then transferred from the ED physicians to the admitting physicians.
Our full EGDT protocol has been described in detail elsewhere (5) . In brief, our protocol was the similar to that reported by Rivers et al (4) . In our resuscitation protocol, we targeted three physiological end points of resuscitation: central venous pressure (central venous pressure), mean arterial pressure, and central venous oxygen saturation. Our protocol differed from that of Rivers et al in that these patients were cared as a part of routine care in the ED without additional staff and we did not mandate the entire resuscitation occur in the ED. During the after phase, there were no other formal order sets or bundles of therapies that were instituted for the care of severe sepsis.
Data Collection and Variables. Baseline characteristics, demographics, comorbid conditions, vital signs, site of infection, and laboratory data were collected in both phases. The Sequential Organ Failure Assessment score was calculated on all patients at the time of identification (13) . We also recorded the num-ber of days spent in both the ICU and hospital during the index hospitalization for all patients. Hospital costs for each patient were taken from the hospital's cost accounting system (HBOC Star Navigator; McKesson, San Francisco, CA), in which each patient's stay is associated with a number of charge codes. The charge codes come from a master list of chargeable items in the hospital with different charge codes for items in each department. The cost allocation to each charge code is based on multiple relative value units, which are typically labor minutes or supply costs for a specific item in a specific department. In addition, overhead is allocated to revenue-producing departments within the hospital.
We performed follow-up on all patients at the time of hospital discharge and at 3, 6, and 9 months and 1 yr after hospital discharge. These follow-ups were established through a comprehensive methodology that we have previously described in depth (11) . To calculate life expectancy for those who died in the hospital, we divided the length of stay in the hospital by 365. For those patients who lived to discharge but were found to be dead at one of the follow-up intervals, we assigned the midpoint life expectancy between measurement points. Thus, for those who lived to discharge but died within in 3 months, they were assigned 0.123288 yrs (1.5 months*30.4 average days in a month/365 days in a year), those who lived to 3 months but died within 6 months were assigned 0.374795 yrs (or 4.5 months), those who lived to 6 months but died within 9 months were assigned 0.624658 yrs (or 7.5 months), and those who lived to 9 month but died within a 1 yr were assigned 0.874521 yrs (or 10.5 months). To calculate life expectancy beyond 1 yr, we estimated ageand gender-specific expected life years using 2005 US life tables. Life expectancy values beyond 1 yr were then decreased according the methodology of Quartin et al (14) by multiplying by 0.51 to account for increased relative risk of death among sepsis survivors to give us a measure of sepsis-adjusted life expectancy for each individual.
Our construction of quality-adjusted lifeyears (QALYs) for each patient requires us to consider both sepsis-adjusted life expectancy (as described previously) and the utility attached to each additional year (or partial year) of life. Previous investigators have documented that the overall quality of life is diminished after a hospitalization for severe sepsis (15) . This requires one to adjust down utility estimates postsepsis to properly characterize the quality of life for these "marginal survivors." Therefore, we estimated QALYs by first assigning a utility value representing the quality of life in each year of life after sepsis, in which 0 indicates death and 1 indicates perfect health. To generate the utility value for a particular year of life for an individual, we as-signed each patient the average utility level of a person in the general population with the same sepsis-adjusted life expectancy (rather than the same age), same gender, same race, and same ethnicity using parameters from a model presented by Sullivan et al (16) , in which estimates are based on utilities derived from a nationally representative sample from the US population from 2000 -2002. In essence, our utility values are based on an artificially aged patient population to account for the fact that sepsis survivors tend to be "marginal survivors" and are likely to have quality of life closer to that of someone from the general population with a similar life expectancy rather than someone from the general population with a similar age. After obtaining a utility value for each year of sepsis-adjusted expected life for each sepsis survivor, the utilities were summed to get a measure of QALYs for each individual. All QALYs and sepsisadjusted life expectancy were discounted using a rate of 3% as suggested by the Public Health Services Panel on Cost-Effectiveness in Health and Medicine (17) .
All costs associated with in-hospital treatment were adjusted to 2006 US dollar values using the US Gross Domestic Product Implicit Deflator. The cost associated with implementation of the protocol was estimated based on the recorded time spent by the physician director (30 hrs), nurse director (30 hrs), and staff training (1 hr for all ED nurses). This translates into an added cost of $43.69 per patient in the after phase.
Data Analysis. Continuous data are presented as means Ϯ SD, and categorical data are reported as proportions rounded to the nearest whole number. Statistically significant differences between the before and after groups were considered using unpaired t tests or Mann-Whitney U tests for continuous variables and chi-square or Fisher's exact tests for categorical data. For all statistical tests, p Ͻ .05 was considered significant.
We used two related approaches to consider the cost-effectiveness of the after phase arm as compared with the before phase arm: computation of incremental cost-effectiveness ratio and net monetary benefit analyses. The most common approach for determining costeffectiveness involves the calculation of incremental cost-effectiveness ratios (ICERs) (18) . The incremental cost-effectiveness ratio considers the added cost of EGDT relative to the added health effect. We calculated the incremental cost-effectiveness ratios by dividing the difference between the average costs of treating a patient in the after phase (C 1 ) and the average cost in the before phase (C 0 ) by the difference between average health outcomes (QALYs) gained in the after phase (O 1 ) and those gained in the before phase (O 0 ). Thus, the ICER is calculated by the following equation: (C 1 Ϫ C 0 )/(O 1 Ϫ O 0 ). We also calcu-lated ICERs using life years gained as the health outcome of interest.
One of the shortcomings of ICERs is that they provide no guidance regarding whether added costs are worth any gains obtained. Thus, the medical system is left choosing some threshold () below which a project is deemed cost-effective, in which is the maximum acceptable willingness to pay for an outcome such as one QALY gained. Using this notation and QALYs as the outcome, a project is considered cost-effective if (
if the added costs per QALY gained (the ICER) is below the maximum society is willing to pay to gain an additional year of life at full health. Additionally, ICERs based on sample mean values do not consider significant baseline differences between groups, leading to potentially confounded results (18) . To address these shortcomings, we also performed a net monetary benefit (NMB) analysis for determining cost-effectiveness (19, 20) . The NMB approach controls for baseline group differences using multivariate modeling and allows for the calculation of confidence intervals. To perform NMB analysis, net benefit at the individual level is computed for each participant given that participants' QALYs, costs and a value for the maximum willingness to pay for an additional QALY by society (). More specifically, for individual i, NMB i ϭ O i Ϫ C i , in which O i reflects the value of the QALYs gained by individual i and C i reflects the costs of the intervention and directly related medical costs for individual i. NMB is modeled, using ordinary least squares, as a function of whether the individual received the intervention while controlling for baseline individual covariates. In this context, the coefficient on the binary indicator for whether the individual was in the after group that received EGDT provides an estimate of the average NMB of the intervention, whereas the p value for the estimated coefficient allows one to judge whether the effect of the intervention is statistically significant and the SE on the estimated coefficient can be used to construct a confidence interval around the coefficient estimate.
Rather than arbitrary selection of willingness to pay for a QALY (), it is recommended that a range of values for be investigated. This approach has the benefit of allowing for a graphic presentation of cost-effectiveness through cost-effectiveness acceptability curves, which display the probability that the intervention is cost-effective at different levels of willingness to pay for a QALY. In our analysis, we allowed to vary from $0 (unwilling to pay anything per QALY gained) to $300,000. Previous investigators have provided convincing evidence that the plausible range for the value of a QALY in the United States is $109,000 -$297,000 per QALY saved (21) .
Sensitivity Analysis. We performed a sensitivity analysis to determine the impact of different assumptions on calculation of life expectancy and QALYs. In our primary analy-sis, we multiplied life years by a factor of 0.51 to take into account the decreased life expectancy of sepsis survivors. For the sensitivity analysis, we applied a worst case penalty of 0.39 as has been previously described (22) . We also considered a best case penalty of 0.63. Likewise, in our primary analysis, we estimated a utility weight based on sepsis-adjusted life expectancy, gender, race, and ethnicity. Previous studies have reported estimates of utility values of survivors of acute respiratory distress syndrome or sepsis to be between 0.6 and 0.8 (22) (23) (24) with two studies using 0.68 and 0.69 (22, 25) . The average utility weight derived from these studies is 0.69, which is the value we used in our sensitivity analysis to calculate an alternative measure of QALYs. Finally, we varied the discount rate for QALYs from 0% (no discounting) to 6%.
RESULTS
We enrolled 285 patients, 79 subjects in the before phase and 206 in the after phase. Table 1 shows the demographics, comorbidities, clinical variables, severity of illness score, and source of suspected infections between the groups. The groups were well matched for demographics and comorbidities. There were significantly more subjects in the before phase with dialysis-dependent renal failure compared with the after phase. Subjects in the after phase had variables suggesting a higher severity of illness with a lower initial systolic blood pressure, higher initial respiratory rate, and higher initial Sequential Organ Failure Assessment score as compared with before phase subjects. Table 2 shows the resuscitative interventions used in the initial 6 hrs of EGDT between the groups. Patients in the after phase were intubated more frequently, received a significantly larger crystalloid volume, and more frequent infusion of vasopressors as compared with the before phase. We observed no significant differences in the rate of packed red blood cell transfusion, dobutamine administration, or median time to antibiotic administration. Among subjects with positive blood cultures, there was no difference in the proportion of patients who received an initial dose of antibiotics that was not sensitive to the cultured organism in the before phase (three of 37 [8%]) compared with the after phase (four of 68 [6%]; proportion (29) 53 (26) .56 COPD 12 (15) 41 (20) .37 HIV 8 (10) 24 (12) .74 DD-end-stage renal disease 25 (32) 28 (14) .0008 Cancer 9 (11) 33 (16) . a Some patients had more than one suspected score; thus, the total is Ͼ100%. difference 2%; 95% confidence interval, Ϫ8% to 16%). Table 3 shows the outcomes, costs, discounted sepsis-adjusted life expectancy, and discounted QALYs of the two groups. Mortality at 1 yr was observed in 49% (39 of 79) of the before and 37% (77 of 206) of the after phase subjects (logrank test p ϭ .04). Patients in the after phase had higher ICU and hospital lengths of stay, resulting in total hospital costs that were on average $7,028 higher than the before phase patients. Patients in the after phase had an increase in discounted sepsis-adjusted life expectancy of 1.5 yrs and an increase in discounted QALYs of 1.3 yrs. Calculated unadjusted cost-effectiveness ratios were favorable with an increased cost of $5,397 per QALY gained.
The results of the NMB analysis for determining cost-effectiveness, using different levels of willingness to pay for an additional QALY (), are shown in Table  4 . Positive signs on the estimated net monetary benefit resulting from the intervention indicate a positive net benefit, whereas negative signs indicate that costs outweigh benefits. If no value is placed on extending life ( ϭ $0), the costs of EGDT outweigh the benefits when controlling for patient level covariates. At a willingness to pay for a QALY of $50,000, the NMB is $92,729 and statistically significant. The p values from the coefficients were used construct a cost-effectiveness acceptability curve (Fig. 1 ) that indicates the probability that treatment in the after group is cost-effective relative to the before group at different levels of . At a willingness to pay of $7500 per QALY, when both intervention costs and medical costs directly related to the use of EGDT are considered, the probability that the after group was costeffective was 91%, at a willingness to pay of $20,000 per QALY, the probability of cost-effectiveness was 97% and at a willingness to pay of $50,000 per QALY, the probability of cost-effectiveness was Ͼ98%. Figure 2 provides a tornado diagram that illustrates the effect of modifying three key assumptions regarding QALYs on the cost per QALY gained relative to the base case, in which cost per QALY gained is $5,397. First, the variation in the sepsis adjustment to life expectancy from 0.39 to 0.63 yields very little change in the cost per QALY gained. Second, the variation in the discount rate resulted in a range of costs per QALY gained of $4,508 to $6,086. Calculating discounted QALYs using a utility weight of 0.69 instead of the Sullivan et al model also resulted in a decrease in QALYs in both groups (4.3 yrs in the before group and 5.4 yrs in the after group; difference of 1.1 yrs) and increased the cost-effectiveness ratio to $6,556 per QALY gained.
DISCUSSION
In this study, we report that implementation of EGDT as a standard resuscitation protocol for the care of patients with severe sepsis in the ED is costeffective. Although the cost for treating a patient with EGDT was $7,028 higher than for treating patients before the use of EGDT, both the life expectancy and QALYs were increased in patients treated with EGDT. EGDT use was associated with a cost of $5,397 per QALY gained, and in NMB modeling, a willingness-topay threshold of $50,000 per QALY resulted in a Ͼ98% probability that EGDT is cost-effective. It is important to note that these findings use a conservative measure of QALYs that is constructed using sepsis-adjusted life expectancy, conservative utility weights, and discounting of future health outcomes. This conservative measure would tend to understate the benefits of EGDT.
A previous systematic review of the cost-effectiveness of critical care treatments for severe sepsis reported costeffectiveness ratios ranging from $7800 to $995,740 per QALY gained (26) . The determination of the cost-effectiveness of an intervention requires a decision about society's willingness to pay for prolonging and enhancing the quality of life. Although there is no absolute cutoff for cost-effectiveness, most consider $50,000 per QALY gained to be good value for the money. In fact, the $50,000 per QALY decision rule, which came into use in 1982, has been used by many authors without adjusting for inflation (27) . In 2006 dollars, this rule would suggest a willingness to pay for a QALY of over $100,000. In addition, recent investigators have provided support for a range of $109,000 -$297,000 for the value for a year of life at full health in the United States (21) . In this report, we found the estimated cost-effectiveness ratio for implementing EGDT in the ED to be only $5397 per QALY gained before adjusting for baseline differences. After adjusting for baseline differences between the groups using NMB analysis, using a willingness to pay of $50,000 per QALY, we find that EGDT had a Ͼ98% probability of being cost-effective. These results suggest that, when compared with convention, implementation of EGDT for the care of patients with severe sepsis in the ED is highly cost-effective. Despite calls for cost-effectiveness evaluations of EGDT (26) , to date, there is little literature describing the economic impact of implementing EGDT in the ED. Only two previous full-length articles have reported economic analyses of early sepsis care. First, in a theoretical decision analysis, Huang et al (28) retrospectively analyzed economic data from the original EGDT trial (4) and concluded that despite important startup and delivery costs, EGDT may be cost-saving to hospitals and cost-effective to society in the long run. A drawback to this report was that it was a simulation analysis of an "average" ED and thus is prone to the many limitations and assumptions regarding patient volume and care delivery associated with EGDT. Additionally, these authors used economic data from the original EGDT clinical trial and thus analyzed a very homogeneous population that was likely not representative of severe sepsis populations encountered in most hospitals. In a second paper, Talmor et al (25) examined the cost-effectiveness of treating patients with a comprehensive sepsis protocol, which included not only EGDT, but other aggressive treatments such as intensive insulin for glucose control, low tidal volume ventilation, and activated protein C administration. In 130 subjects (cases and control subjects), they found this comprehensive protocol to be costeffective. Our study differs from this study in several important ways. First, Talmor et al used a retrospective control group potentially introducing selection bias into their study. Second, Talmor et al did not use methods to control for baseline difference between their groups, leading to potential underestimation of the cost-effectiveness of the intervention. Finally, the Talmor et al study included a protocol with many more therapies than just EGDT and thus there is no way of knowing if individual components of this protocol are cost-effective when implemented in isolation. Two additional reports provided economic data on the implementation of EGDT with one reporting that protocol implementation was cost-saving (29) and the other reporting lower hospital charges associated with EGDT use (6) . Neither of these latter two reports performed formal cost-effectiveness analyses.
From a resource use standpoint, we found a 2-day increase in both the ICU and hospital lengths of stay in our after phase patients as compared with the before phase. Although we did not compare costs according to hospital service, it is likely that the majority of the $7028 increase costs observed in the after group were the result of prolongation of both intensive care services and hospital stay. Our explanatory hypotheses regarding these observations are that for patients who derived the most benefit from the EGDT protocol (ie, EGDT was life-saving) were more likely to have prolonged ICU and hospital stays compared with those who would have died before the use of EGDT and in the patients who received the protocol but eventually died in the hospital (ie, the protocol prolonged but did not save life) also had longer ICU and hospital stays compared with patients who would have had a more rapid hospital death. Unfortunately, we were unable to obtain data on costs for patients after hospitalization, and we are unable to determine whether patients in the EGDT group would have had higher or lower posthospitalization costs as a result of potential differences for the two groups in discharge location and follow-up care. However, given the very low ICER from our analysis, these cost differences would have to be quite large to change the ultimate finding that EGDT is cost-effective.
There are several unique features about our report that highlight its strengths. First, we present data on hospital costs rather than hospital charges. Often researchers report economic analyses on charges, which tend to overestimate the true cost of care. Second, our EGDT protocol was implemented in a large, urban ED as a standard of care rather than under the auspices of a research protocol. Thus, our results likely have more external validity given our implementation of EGDT in a nonresearch, real-world setting. Third, we followed patients after discharge for 1 yr to determine actual life expectancy during the first year. Fourth, we used two methods of determining cost-effectiveness, computation of ICERs and NMB analyses. Using the NMB analysis allows for controlling for group differences, which was important in our study because our after phase group had a higher severity of illness and a lower proportion of important comorbid diseases (ie, dialysis-dependent end-stage renal disease). Not controlling for such factors might lead to the conclusion that EGDT is less cost-effective than it really is given that it was applied to a potentially different risk profile group. Finally, we followed published recommendations for reporting of cost-effectiveness analyses (30) .
This report has several limitations that warrant discussion. First, this is a single-center study that was not conducted as a tightly controlled experimental investigation. As such, our results may not be generalizable to other populations. Second, because our cohorts are not contemporaneous but actually divided along a time continuum, it is important to note that some of the clinical impact may be the result of change in technology, skill, or other factors during the study period. Third, although we had methods in place to attempt to enroll consecutive eligible patients, it is possible that we missed cases that qualified for the study. Forth, our study examined the cost-effectiveness of an invasive early sepsis resuscitation protocol. As new scientific discoveries in resuscitation science are published such as the use of lactate clearance to guide resuscitative interventions (31) , the present findings may not be necessarily extrapolated to such changes and thus future studies will need to re-examine cost-effectiveness. Fifth, the costs we examined were generated by our hospital using a specific methodology. As such, these costs may not be generalizable to other hospital systems. Sixth, it might be argued that our design may have been influenced by a "Hawthorne-like" effect caused by heightened awareness of the clinical staff about the protocol resulting in both earlier and more aggressive response to physiological abnormalities. Finally, we did not quantify, explore, or exclude deviations from the EGDT protocol, because this protocol was implemented into a real-world clinical setting.
In conclusion, we found that implementation of EGDT in the ED care of severe sepsis patients is cost-effective. Use of EGDT was associated with an increase of 1.3 QALYs and at a willingnessto-pay threshold of $50,000 per QALY the probability of EGDT being cost-effectiveness was 98%.
